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An assessment of the hybridization characteristics of oligonucleotide tiling arrays was carried out using 162 full-length sequenced cDNA
clones in spike-in experiments. The properties of array probes that influence signal intensity were investigated, and their capability in the detection
of the cDNA exons was evaluated. The signal intensities detected in exonic and nonexonic genomic regions were examined by focusing on the
features of probe sequences that raise or lower the level of intensity and on the causes of false positive signals found in nonexonic regions. The
effectiveness of measures used in published protocols to improve the separation between signal and background intensity distributions, including
the use of replicates and threshold parameterization of signal intensity, was assessed. Sensitivity and specificity in the detection of exons were
measured using various sets of threshold parameters, and the effects of each parameter on the detection efficiency and the rate of false positives
were evaluated. It was also demonstrated that hybridization of full-length cDNA clones is an excellent method to investigate the characteristics of
oligonucleotide tiling arrays.
© 2007 Elsevier Inc. All rights reserved.Oligonucleotide tiling arrays have been developed for
concurrent measurement of molecular reactions occurring in a
wide range of genomic region [1–3]. Their utilities include
identification of RNA transcripts [4–6], sites enriched for
chromatin modifications [7], and protein-binding sites [8–10].
The measurement of these molecular activities employing
genomic oligonucleotide tiling arrays has provided remarkable
results [4–7,11–13]. Particularly, the large amount of novel
transcripts found by using tiling arrays has provided a new and
striking view of transcriptional activities in the human genome
[4–6].⁎ Corresponding author. Fax: +81 45 503 9216.
E-mail address: rgscerg@gsc.riken.jp (S. Kondo).
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doi:10.1016/j.ygeno.2006.12.013Other recent studies, however, have reported a low level of
concordance of some of the results with regard to the amount of
novel transcripts with other transcriptional experiments [1] and
have debated the threshold parameterization used to detect the
presence of transcription in the human genome, which may
have caused an overestimation of the amount of novel
transcripts [3]. While intense experimental and statistical
calibration studies have been carried out for other high-density
oligonucleotide arrays designed from mRNA sequences [14–
17], the properties of the tiling arrays based on genomes have
not been rigorously investigated, although the threshold
parameterization, including intensity threshold to detect tran-
scription in the genome, has been set by a careful calibration
from well-selected bacterial negative controls and verified using
rapid amplification of cDNA ends (RACE) and RT-PCR
experiments [4–6].
542 D. Sasaki et al. / Genomics 89 (2007) 541–551Using the data taken by hybridizing full-length cDNA
clones to the tiling arrays, performance assessment of the
arrays using the cDNA exons as positive controls was carried
out. The properties of the array probes that influence the signal
intensity were investigated by focusing on the probe sequence
features that cause a fluctuation in the intensity detected in the
cDNA exons and the characteristics of outliers found in
nonexonic regions. The replicate measurement and the
threshold parameterization for signal intensity were assessed
regarding their effectiveness to improve the distinction
between signal and noise intensity distributions. The effec-
tiveness of each threshold parameter on the separation
between signal and background intensity distributions and
their influences on sensitivity and specificity in the detection
of cDNA exons were also evaluated. Although this experiment
did not simulate the environment of a typical RNA mapping,
which involves increased amount and variety of background,
we intended to present the hybridization characteristics of the
oligonucleotide tiling arrays accurately measured by hybridi-
zation of cDNA clones, as an initial approach toward an
extensive investigation under more complex conditions
reproducing transcript mapping experiments.
Results
An amplified sample of 162 full-length cDNA clones was
hybridized to an oligonucleotide tiling array containing the
gene-dense regions of human chromosome 22 (one of the three
Affymetrix arrays that cover human chromosomes 21 and 22;
see Materials and methods for details). In the array, a
nonrepetitive portion extending over ∼35-Mb-long genomic
region is tiled at 35-bp intervals by 335,333 25-mer probes. The
162 genes represent 44% of the 365 well-characterized genes
annotated for this portion of chromosome 22 [18] and contain a
total of 877 exons of variable lengths. Since 43 of the 877 exons
do not overlap any of the probes, we used the remaining 834
exons covered by the array probes in the analysis. There is some
bias toward large exons in the 162 cDNAs, and the 834 exons
have higher GC content (0.56±0.09) than average exons (0.51±
0.11), as shown in Supplemental Figs. 1 and 2.
The background-subtracted hybridization intensities (PM−
MM, where PM and MM denote hybridization intensities
measured by a pair of 25-mer sequences that match exactly and
with one base substitution to the genome, respectively)
measured by the array probes were quantile-normalized [19],
and at each probe position, the Hodges–Lehmann estimator
(known also as pseudomedian) or the median of the pair-wise
averages of the normalized hybridization intensities measured
by probes located within the bandwidth (bw) of the probe was
computed as the signal intensity detected by the probe (see
Supplemental Fig. 3 for normalization and the use of
bandwidth). To identify and analyze the sequence features of
the probes that influence signal intensity, the signal intensity
based on the hybridization intensities of a single probe, not
considering neighboring probes (bw=1 bp), was used, whereas
in the measurement of sensitivity and specificity in the detection
of exons, the signal intensity calculated from the hybridizationintensities measured at probes lying in an extended region
(bw=50 bp) centered at a probe was also considered. The signal
intensities are given on a log2 scale throughout this work.
Although signal intensity is generated at all the individual
probe positions, the identification of targeted signal sites such as
transcribed regions in the genome from RNA mapping
experiment is based on the behavior of a collection of signal
intensities detected by neighboring probes. In the published
protocol [5], transcribed regions were determined by merging
probes with signal intensities beyond a threshold located within
a distance (maxgap, typically 40 bp) and selecting fragments
larger than or equal to a certain size (minrun, typically 90 bp), as
illustrated in Supplemental Fig. 4. The effectiveness of this
method will be evaluated in a subsequent section.
The probes were classified into the following four categories
based on the overlap of the probes with exons of the cDNAs in
the genome:
(1) 6762 probes fully contained in the cDNA exons (exonic
probes),
(2) 583 probes partially (13-24 bp) contained in the exons,
(3) 511 probes partially (1-12 bp) contained in the exons, and
(4) 320,512 probes located in introns and other regions
(nonexonic probes).
Duplicated probes that matched exactly to two or more sites
in the genomic region covered by the array were not included in
the analysis. In category 4, nonexonic probes whose 25-mer
sequences matched perfectly to the cDNA exons were not
included. Note that these probes are not the duplicated probes.
Influence of DNA concentration on signal intensity
The signal intensity data were obtained using samples of
three distinct DNA concentrations, 0.0055, 0.055, and 0.55 μg,
and the signal intensities given by the three DNA concentrations
were compared (Fig. 1). The distribution of background signals
detected by probes in nonexonic regions remained nearly
invariant regardless of the amount of DNA. The signal
intensities detected by these probes were 6.30±1.6, 6.54±1.8,
and 6.44±1.9 for the 0.0055, 0.055, and 0.55 μg DNA samples,
respectively. This line up of nonexonic signal distributions is a
direct result of the normalization of signal intensities from the
entire array. Since a great majority of signal intensities are from
nonexonic locations, this scaling determines the nonexonic
peak of the distribution. Although the signal intensity of probes
fully contained in the cDNA exons shifted upward largely
(10.6±1.9 to 13.4±2.0) with increasing the cDNA amount from
0.0055 to 0.055 μg, the change was relatively small (13.4±2.0
to 13.9±1.9) when the cDNA amount was increased from 0.055
to 0.55 μg. This small change in the intensity detected by exonic
probes is likely due to signal saturation, since the amount of
DNA of a gene in the 0.55 μg sample is larger than its typical
amount in RNA mapping experiments. In the analysis of the
features of probe sequences that influence signal intensity, the
data from three replicate experiments using the 0.55 μg DNA
sample were used.
Fig. 1. Dependence of signal intensity on the amount of DNA hybridized. The signal intensity data were obtained using cDNA clone samples of three distinct DNA
concentrations, 0.0055, 0.055, and 0.55 μg. The normalized distributions of non-zero signal intensity detected by probes fully contained in exons of the cDNAs and by
those located in nonexonic regions are compared between samples of two distinct DNA concentrations (top left, 0.0055 μg vs 0.055 μg for nonexonic probes; top right,
0.055 μg vs 0.55 μg for nonexonic probes; bottom left, 0.0055 μg vs 0.055 μg for exonic probes; bottom right, 0.055 μg vs 0.55 μg for exonic probes). The plots for the
probes partially contained in exons (categories 2 and 3) are shown in Supplemental Fig. 5.
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In Fig. 2A, the normalized distributions of nonzero signal
intensity detected by the four groups of probes classified by the
overlap with exons are compared. The median of the nonzero
intensities detected by each group of probes was 14.5, 12.6,
6.23, and 5.80 for categories 1, 2, 3, and 4, respectively. Overall,
the intensity distributions corresponded well to the number of
bases hybridizable to exons. The overall level of intensity
detected by exonic probes was significantly higher than that of
nonexonic probes, yielding a clearly distinct distribution from
background. The intensities detected by probes overlapping by
13-24 bp with exons (category 2) lie between the two
distributions given by the exonic and nonexonic probes,
whereas the intensities detected by probes with 12 or fewer
bases contained in exons (category 3) turned out to be no
different from the background distribution detected in category
4. A Mann–Whitney test yielded a p value (p) of 0.211 for the
distribution difference between categories 3 and 4, whereas it
yielded p<10−4 in the comparison of all the other pairs of probe
categories. The behavior of signal intensity observed in probes
partially overlapping exons can be seen also in Fig. 2B, which
plots the intensity detected by probes against the number of
bases contained in exons. The intensities remain nearly atbackground level up to ∼12 bases contained in exons, start
rising beyond ∼12 bases, and shift upward with increasing
number of bases contained in exons. Although there is a clear
distinction between the exonic and nonexonic intensity
distributions, the intensity at exonic probes fluctuates in a
certain range (13.9±2.2), and a significant portion of the
nonexonic probes detected fairly high intensity, overlapping
with the intensity distribution given by the exonic probes; 782
nonexonic probes detected intensities ≥10. In subsequent
sections, we attempt to identify the causes of the intensity
fluctuation at exonic probes and of the high intensities detected
by nonexonic probes.
Dependence of signal intensity on nucleotide content and
position in the probe
The dependence of signal intensity on nucleotide content and
position in the 25-mer probe was examined. As shown in Fig.
3A, the level of signal intensity shifted upward notably with
increasing C content in the probe. Note that only exonic probes
(category 1) were used in this analysis. Although the intensity
showed a positive correlation also with G content in probes of
low (lower than ∼7 bp) G content, they tended to be lower with
increasing G content in probes with high (greater than ∼10 bp)
Fig. 2. Relationship between signal intensity and the overlap of array probes with exons. (A) Comparison of signal intensity between the four classes of probes based
on the overlap with exons of the cDNAs. The normalized distributions of nonzero signal intensity were compared pair-wise between the four categories, (1) probes
fully (25 bp) contained in exons, (2) 13-24 bp contained in exons, (3) 1-12 bp contained in exons, and (4) probes located in introns and other regions. The top, middle,
and bottom show comparisons between categories 1 and 2, 2 and 3, and 3 and 4, respectively. The distributions including intensity 0 are shown in Supplemental Fig. 6.
(B) Relationship between signal intensities and the overlap of array probes with the cDNA exons. The signal intensities (average±SD) detected are plotted against the
number of bases contained in exons. 0 and 25 bp on the x axis indicate nonexonic (category 4) and exonic (category 1) probes, respectively.
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arrays also found that C is the most effective nucleotide to raise
the level of intensity due to the higher binding stability of CG
base pairs. The inverse correlation between level of intensity
and excessive G richness is likely to be caused by the
interference of labels between C bases of target [15]. It was
also found that probes with a continuous G stretch detected
significantly weak intensities; those with a continuous stretch of
six and five G's detected intensities, 7.26±4.1 and 9.60±3.0,much weaker than the average intensity, 13.9±2.2, detected by
probes fully contained in exons.
The signal intensity showed a strong dependence also on the
positions of nucleotides in the probe. In Fig. 3B, the nucleotide
frequencies in the probe positions observed in the three groups
of probes that detected distinct levels of signal intensity were
compared. The probes that detected higher intensity showed a
notable C enrichment in bases at the central and 5′ portions of
the 25-mer probe (Fig. 3B). The lack of dependence of intensity
Fig. 3. Influence of nucleotide content and position in the probe on signal intensity. The effects of the number of each nucleotide and enrichment for a specific
nucleotide at particular positions in the probe on the level of signal intensity were investigated using signal intensity detected by probes fully contained in exons. (A)
Relationship between signal intensity and nucleotide content in the probe. It is shown how signal intensity (average±SD) changes with increasing number of each
nucleotide in the probe. (B) Dependence of signal intensity on the positions of nucleotides in the probe. The nucleotide frequencies at each of the 25 base positions of
the probe were compared between three groups of probes that detected distinct levels of intensities; 0≤ intensity≤8 (solid green line), 8< intensity≤13 (dashed blue
line), and 13<intensity (dotted red line). The positions 1 and 25 on the x axis indicate the 5′ and 3′ ends of the probe, respectively.
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attachment of the 3′ end of probes to the array slide. The
probes that detected weak intensities showed a notable G
enrichment in the central portion of the probe. To examine a
possible localization of these G-rich probes in a particular
region of the tiling array, we examined this relationship
between intensities and G content and position in the probe for
four distinct regions of the array (Supplemental Figs. 7 and 8).
The association of weak intensity with G enrichment and
position bias in the probe could be observed for all the array
regions. Thus, these G-rich nonexonic probes that detected
high intensities are equally distributed in the array.Causes of high signal intensity detected by nonexonic probes
The nonexonic probes that detected high intensity over-
lapping with the range of intensities detected by exonic probes
were investigated. It was suspected that a part of these probes
generated the high intensities because they have segments
matching the cDNA sequences that caused a partial hybridiza-
tion with the target cDNAs (cross-hybridization), since a part of
the probes partially contained in exons could generate intensities
significantly higher than background if the contained portion
was 13 or more bases (Fig. 2B). The properties of 782 nonexonic
probes that detected intensities ≥10 were investigated. Since it
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sequence similarity to the cDNAs was responsible for high
intensities of these probes, we compared their sequence
similarity to the cDNAs with that of all the nonexonic probes.
These probes showed an increased level of sequence similarityFig. 4. Relationship between high signal intensity detected in nonexonic regions
and the similarity of probe sequences to cDNAs. The sequence of each
nonexonic probe was aligned to the cDNA sequences to examine the presence of
a closely matching sequence of the probe and the frequency of sequence
fragments partially matching the probe in the set of cDNAs. The nonexonic
probes that match exactly to cDNAs were not included in this analysis. (A)
Influence of the presence of a closely matching sequence of the probe among the
cDNAs. The best match of each probe to the cDNAs, or the maximum number
of matched bases in fragmental matches of a probe with the cDNAs, was
compared between the nonexonic probes that detected high signal intensities
(≥10) (dotted line) and all the nonexonic probes (solid line). (B) Influence of the
enrichment of sequence fragments partially matching the nonexonic probes
among the cDNAs. The number of sequence fragments matching by 11 or more
bases to each probe among the cDNAs was compared between the nonexonic
probes that detected high signal intensities (≥10) (dotted line) and all the
nonexonic probes (solid line). See also Supplemental Figs. 9 and 10 for the
relationship of signal intensity to the best match of a probe and the frequency of
fragments partially matching a probe among the cDNA set.to the cDNAs (Fig. 4A) and possessed an increased number of
sequence fragments resembling (thus cross-hybridizable to) the
probe sequences among the cDNA set, compared with all the
nonexonic probes (Fig. 4B). The maximum size of fragmental
match of a probe sequence with the cDNAs was 17.2±4.0 and
14.5±3.6 bp for the 782 probes and all the nonexonic probes,
respectively (Mann-Whitney test yielded p<10−4 for the
difference). The number of sequence fragments matching by
11 or more bases to the 782 probes among the cDNAs was
22.0±16 bp, whereas it was 10.4±8.3 bp for all the nonexonic
probes (Mann-Whitney test yielded p<10−4 for the difference).
The level of intensity detected at all the nonexonic probes was
gradually raised with increasing level of similarity of probe
sequences to the cDNA sequences (Supplemental Fig. 9) or
increasing frequency of sequence fragments resembling the
probe sequences among the cDNAs (Supplemental Fig. 10).
These probes show a C content, 5.88±2.3, slightly higher
than the average C content of all the probes, 5.54±2.1, and their
G content, 8.34±3.2, is significantly higher than the average G
content of all the probes, 6.31±3.0 (Mann-Whitney test yielded
p<10−4 for the difference in G content), although G richness is
a feature of exonic probes that detected weak intensities. The
interference of labels between C bases of target DNA that
lowers the level of intensity in G-rich exonic probes may be
alleviated in the hybridization between G-rich nonexonic
probes and partially matching fragmental sequences. We
found that these probes showed an increased frequency (greater
than ∼30%) of partial (≥11 bp) matches also with genes of
other chromosomes (chromosomes 20 and 21), compared with
all the probes. Thus, the overrepresentation of fragmental
sequences resembling these G-rich probes appears to be a
general feature of cDNA sequences.
Sensitivity and specificity in the detection of exons
By varying each of the three threshold parameters (bw,
maxgap, and minrun) [5], it was investigated how sensitivity
(how many exons could be detected) and specificity (how many
were true exons among the genomic fragments detected as
positive) change according to various combinations of threshold
parameters. An exon was defined to have been detected if it
overlapped a transfrag.
The relationship between specificity and sensitivity
obtained from various sets of threshold parameters is shown
in Fig. 5. Under the best threshold parameterization, more
than 80% of exons could be detected, suppressing the false
positive rate below 5%. Most of the undetectable exons are
small exons that do not have two or more fully contained
probes. In a threshold parameterization (threshold inten-
sity=9.5, maxgap=80 bp, and minrun=20 bp), of the 159
exons undetected, 145 (91%) contain one or no probe fully
contained in the exons. In this threshold parameterization, 36
transfrags did not overlap the 834 exons of the cDNAs. Of
these 36 transfrags, 25 show a significant level of sequence
homology with the cDNAs; they were aligned at ∼90% or
better identity over at least 70% of their lengths (18 and seven
transfrags could be aligned at >95 and 89-95% identity,
Fig. 5. Relationship between specificity and sensitivity in the detection of cDNA
exons. The relationship between specificity (ratio of transfrags overlapping the
cDNA exons to all the transfrags obtained) and sensitivity (ratio of the exons
overlapping transfrags to all the exons) was investigated by varying the three
threshold parameters (threshold intensity, maxgap, and minrun) for the three
replicate intensity data sets based on 1-bp bandwidth. Each data point indicates
the value for specificity and sensitivity obtained from a set of the three threshold
parameters. The dashed line indicates the border for the false positive rates to be
5% or lower among the transfrags obtained.
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exons of other protein-coding genes or pseudogenes annotated
in the genomic region considered [18]. Twelve of the 14
transfrags show clear segmental duplications since they could
be aligned over 50% or more of their lengths at 90% or better
identity to two or more sites of the genomic region covered
by the tiling array (four and one of them were mapped to
three and four distinct genomic sites, respectively). This
portion of transfrags mapped to likely paralogs or pseudo-
genes could be detected by an additional level of quality
control technique described in [5,6], in which all the
transfrags are aligned against the entire genome to find
regions that share sequences. If transfrags were found to share
such sequences, they were either not used in the analysis, if
they matched to pseudogenes or low complexity repeats, or
highlighted, if they matched exonic regions that may be
motifs or parts of gene families.
The remaining 11 transfrags, without a notable sequence
homology to the cDNAs, were mapped by probes having
sequence fragments highly enriched among the cDNAs.
Twenty-four probes that detected signal intensity beyond the
threshold (9.5) within these 11 transfrags showed 29.0±18
partial sequence matches (11 bp or longer) to the cDNAs, much
higher than the average for all the nonexonic probes, 10.4±8.3.
To examine whether sensitivity and specificity given by the
threshold parameterization change between subsets of the 834
exons, we compared sensitivity and specificity measured by the
same sets of threshold parameters between three sets of 417
exons. Both sensitivity and specificity given by a set of
threshold parameters remained fairly invariant between thethree sets (Supplemental Fig. 11). For example, sensitivity and
specificity given by the parameterization (threshold inten-
sity=9.5, maxgap=80 bp, and minrun=20 bp) were 0.818 and
0.946, 0.799 and 0.976, and 0.806 and 0.958 for the three sets of
exons, respectively.
From the data obtained from the lowest DNA concentration
(0.0055 μg), a similar specificity–sensitivity curve was drawn,
but the sensitivity dropped by ∼10%, as shown in Supple-
mental Fig. 12.
Influence of bandwidth size on the separation between signal
and background intensity distributions
The use of bandwidth or inclusion of adjacent probes for the
signal intensity calculation has the advantage of smoothing the
intensities that fluctuate even among exonic probes. As a
consequence of smoothing, however, the signal/noise boundary
such as the exon/intron junction becomes less clear [5]. These
effects can be seen in Fig. 6A. By using 50 bp as bandwidth, the
overall signal intensity distribution converged in both exonic
and nonexonic probes, thereby improving the distinction
between positive and noise signals. However, the portion of
high intensities in nonexonic regions also increased since
contiguous probes detected high intensities in some nonexonic
regions. Consistent with this, we found that the use of 50 bp for
bandwidth improved sensitivity in the detection of exons, but
deteriorated specificity, compared with using the hybridization
intensity detected by a single probe as the signal intensity of the
probe, not considering the intensities of adjacent probes (Fig.
6B). A Mann-Whitney test of the differences in sensitivities and
specificities obtained from the sets of signal intensity data based
on the two distinct bandwidths yielded p<10−4 and thus
indicated the superiority of 50-bp over 1-bp bandwidth to
achieve higher sensitivities, and vice versa to improve
specificities.
Replicate measurement improves the distinction between signal
and background intensity distributions
The effectiveness of increasing replicate measurements to
improve the separation between background and signal intensity
distributions was evaluated. In the data taken from 0.55 μg
DNA, the intensity distribution in nonexonic region shifted
significantly downward (p<10−4 by Mann-Whitney test),
although that in exonic regions showed no notable change
with increasing replicates (Fig. 7). Accordingly, both sensitivity
and specificity in the detection of exons also improved by
increasing the replicate experiments, as shown in Supplemental
Fig. 13. We evaluated the improvement of sensitivity and
specificity in the triplicate data, comparing the 50 best
sensitivities with the false positive rate ≤5% and the 50 best
specificities with sensitivity≥70%obtained from themono- and
triplicate data sets. A Mann-Whitney test yielded p<10−4 and
indicated the superiority of triplicate data to achieve higher
sensitivities and specificities. The replicate measurement is
expected to be more effective to separate the signal and
background intensity distributions when the sample of lower
Fig. 6. Relationship between the bandwidth size and the signal intensity distributions in exonic and nonexonic regions. (A) Influence of bandwidth size on signal
intensity distributions of exonic and nonexonic probes. The signal intensity distributions in exons and nonexonic regions obtained by using two distinct bandwidths, 1
(top) and 50 bp (bottom), were compared. (B) Influence of bandwidth size on sensitivity and specificity in the detection of cDNA exons. The dependence of sensitivity
and specificity on the bandwidth size was examined, comparing the data for specificity and sensitivity obtained from the two sets of signal intensities based on the
different sizes of bandwidth, 1 and 50 bp.
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intensity distribution in exonic regions.
Discussion
Using full-length cDNA clones as positive controls, we
have evaluated the capability of oligonucleotide tiling arraysto detect cDNA exons, investigating the effects of threshold
parameters on the detection sensitivity and specificity. In this
experiment, we found that the tiling arrays are highly capable
of detecting the exons and the amount of false positives is
controllable using an appropriate set of threshold parameters.
The combinatorial use of maxgap and minrun could
effectively suppress the false positive rate well under 5%,
Fig. 7. Improvement in the separation between signal and noise intensity distributions by increasing replicate measurements. The effectiveness of replicate
measurement in improving the separation between signal (exonic) and noise (nonexonic) intensity distributions was evaluated, comparing them between the two sets of
intensity data based on single and triplicate measurements. The intensity distributions observed for nonexonic and exonic regions are shown at top and bottom,
respectively.
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of the undetectable exons are of small size and contain few
probes, as previously indicated [5].
The signal intensities changed according to the size of probe
sequence hybridized to cDNAs and showed clearly distinct
distributions between exonic and nonexonic regions, although
there was an overlap between them, inherently observed between
signals and noises in any experimental data. Themain cause of the
false positive intensities overlapping with exonic intensity region
is cross-hybridization of sequence fragments of the cDNAs to
nonexonic probes. However, the outliers in the nonexonic
regions, fairly isolated in the genome, could be eliminated
effectively by examining the intensities of adjacent probes and
discarding short fragments formed by positive intensities. The
influence of C and G content and their positions in the probe on
signal intensity found in this experiment was consistent with
previous observations of the GeneChip arrays [15,16].
We have demonstrated that hybridization of full-length cDNA
clones is an excellent measure for the investigation of hybridiza-
tion characteristics of genomic oligonucleotide tiling arrays and
the evaluation of array performance using cDNA exons as
positive controls. The performance test using 162 full-length
cDNA clones is, however, an initial step toward a more extensive
investigation of tiling arrays. The results obtained from this
experiment cannot be extrapolated to a typical RNA mapping
experiment in which the variety of RNAs increases typically by
three or four orders of magnitude and the level of expressionvaries greatly among transcripts. Increasing the variety of cDNAs
with differential levels of concentration or using a mixture of
known cDNAcloneswith a RNA sample should be undertaken to
simulate better the environment of RNA mapping in which the
signal and noise intensity distributions likely change from those
observed in this experiment. Such validation experiments may
alleviate the need of additional verification experiments such as
RT-PCR and RACE that were employed to confirm expression of
the sampled potential transcription sites detected by the tiling
arrays [4–6], and accumulation of an extensive calibration data
obtained through these experiments is expected to expand the
range of genomic molecular activities to be investigated using
oligonucleotide tiling arrays.
Materials and methods
Preparation of labeled DNAs
A total of 219 fully sequenced human full-length cDNA clones were utilized
in this study. The full-length cDNA clones were supplied from the University of
Tokyo. Escherichia coli harboring each FLJ cDNA clone was incubated in 384
formatted plate at 30 °C for 20 h in LB medium containing 100 μg/ml ampicillin
and 7% glycerol. The cDNA regions were amplified in 384 formatted plate by
direct PCR. One microliter of cell culture was mixed with 9 μl of the PCR
solution containing 1× PCR buffer, 0.2 mM dNTP, 1 mM MgSO4, 0.2 units of
KOD-Plus enzyme (Toyobo, Osaka, Japan), 1 M betaine (Wako Pure Chemical
Industries, Osaka, Japan), and 0.4 μM each primer (pME18SFL3-F, 5′-
TGTACGGAAGTGTTACTTCTG; pME18SFL3-R, 5′-TGTGGGAGGTTTT-
TTCTCTAG). After gentle mixing, the amplification was performed using a
550 D. Sasaki et al. / Genomics 89 (2007) 541–551thermal cycler (GS-384; Scinics, Tokyo, Japan) under the following conditions:
22 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C for 30 s, and
extension at 68 °C for 5 min. The amplified DNAs were electrophoresed on a
1% agarose gel, and the length of these DNA fragments was verified by
LabWorks software (UVP, Inc., Upland, CA, USA). The amplicons that were
hardly amplified or amplified to low amounts by PCR were eliminated from
further analyses. In the cases in which several PCR products were amplified
from one cDNA clone, corresponding amplicons were also removed from
further analyses. Thus, 162 amplicons were subjected to labeling procedures.
The PCR products were purified by ethanol precipitation and resuspended in
sterile water. The concentration of PCR products was measured with the
absorbance at 260 nm using Nanodrop D-1000 (Scrum, Inc., Tokyo, Japan). The
copy number of amplicons from each cDNA clone was adjusted to be identical
with the information on the length and weight of the DNA fragments. The
resulting DNA fragments were mixed and purified using a Qiagen PCR
purification kit (Qiagen K.K.), followed by a concentration step using ethanol
precipitation. After the concentration was measured, 7.6 μg of the mixed DNA
fragments was subjected to DNase I digestion with 0.3 units of DNase I at 37 °C
for 80 s. The DNase I enzyme and One-Phor-All Buffer Plus were purchased
from Epicentre (Madison, WI, USA) and Amersham Biosciences Corp.
(Piscataway, NJ, USA), respectively. The reactant was incubated at 99 °C for
10 min to inactivate the DNase I. As the next step, the 3′ ends of digested DNAs
were biotin-labeled at 37 °C for 2 h using terminal deoxytransferase enzyme
(Roche Diagnostics GmbH, Mannheim, Germany). The Bio-11-ddATP for
biotin-labeling reaction was purchased from Perkin-Elmer (Boston, MA, USA).
Hybridization to tiling arrays
One of the three chips that tile human chromosomes 21 and 22 (Chip C,
Reverse) (Affymetrix, Inc., Santa Clara, CA, USA) was used in this experiment.
The labeled DNAs at three different concentrations (0.55, 0.055, and 0.0055 μg)
were independently subjected to hybridization to the tiling arrays. Hybridization
was performed at 45 °C for 18 h with rotating at 450 rpm. The washing and
staining steps were automatically performed by the GeneChip Fluidics Station
450. Detection processes were followed with standard Affymetrix protocols.
The hybridization intensities of probes on the arrays were scanned by the
GeneChip Scanner 3000 (Affymetrix). The experiments were iterated at the
highest concentration (0.55 μg).
Mapping of cDNAs and array probe sequences to genome and
comparison of the probes with cDNAs
The genomic coordinates of exons of the 162 full-length cDNAs and other
genes were determined by aligning them to the genome (NCBI version 33) by
using BLAT [20] and Sim4 [21]. After approximate genomic loci of the cDNAs
were determined by BLAT, each cDNA sequence was aligned to a locus by Sim4
to determine the exon/intron boundaries. All the probe sequences were aligned
by BLAT to the genomic region on chromosome 22 covered by Chip C, and the
probes that match two or more sites in the region were identified. These
duplicated probes were not included in the analysis. The probe sequences were
aligned to the cDNAs by BLAST [22] to find the best match and the frequency
of partial matches of each probe sequence among the cDNA sequences.
Additional data files
The supplementary figures, the raw tiling array data files, the signal intensity
data files, and the list of the 162 full-length cDNAs are available as
supplementary information.Acknowledgments
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